The interactions between a graphene sheet and an aluminium (111) layer in carbon-aluminium nanocomposite systems were investigated for various interfacial configurations using an ab initio simulation based on density functional theory. Dispersion relations and electron density distributions obtained for various interface registries suggest that the bond strength of the graphene/Al nanocomposite interface can be controlled by the introduction of compressive in-plane strain and/or by the removal of some atomic rows along specific crystallographic directions in the Al(111) layer. Such changes in the interfacial strength accompanied the evolution of C-Al interaction from weak secondary type to partially covalent type with successive removal of Al atom rows until the state of an 'effectively isolated' Al atom is reached. The application of the present simulation results to the selection of suitable material processing was also addressed.
Introduction
One promising field in the application of nanotechnology, exploiting the unique properties of nanostructures, is lightweight high-strength nanocomposites. In the field of nanocomposites, it is expected that when reinforcements are combined with matrices at a molecular level, material properties exceeding those estimated from the simple rules of the mixture are achieved [1] . Among the many candidate nanoreinforcement structures, carbon nanostructures such as carbon nanotubes (CNTs), fullerenes and graphene sheets have drawn attention due to their high elastic moduli, strengths, and chemical stabilities (affinity with the matrix materials) [2] . Thus, attempts have been made to develop nanocomposites 5 Author to whom any correspondence should be addressed.
based on carbon nanostructures embedded in various types of matrix material, especially polymers [3] [4] [5] [6] . In order for any composite materials to function properly with desired strengths and fracture toughnesses, the interfaces between the matrices and the reinforcements must be designed with optimized properties to ensure a sufficient level of load transfer as well as resistance to the propagation of matrix cracks through the operation of crack stopping mechanisms initiated by crack deflection at the interfaces [7] .
Whereas interfaces in nanocomposites based on carbon nanostructures and polymer matrices have been the subject of intensive theoretical and experimental research recently [8] [9] [10] [11] , even experimental works on metal matrix counterparts have been rare. This is primarily because of the difficulty of dispersing CNTs or other carbon nanostructures in metal matrices without chemical reactions between the two, since most metals for structural applications can easily combine with nanosized carbon structures to form carbides at typical processing temperatures, i.e. above the melting temperature [12, 13] . Considering their stability at elevated temperatures and resistance to wear, the development of metal matrix nanocomposites will find many structural applications in the future. In the design of nanocomposites, characterizing the bonding nature of interface is of fundamental importance from the viewpoint of both the interface design and the choice of suitable material processing since the interfacial interactions between the reinforcements and the matrices determine the overall performance of the composites and the chemical stability of the reinforcements during processing as well as in service.
While it is expected that the interfacial interaction at the nanometre scale would be different from what happens at interfaces in bulk materials, the sizes of the reinforcements in the nanocomposites practically hinders experimental characterizations.
Therefore, modelling and simulation techniques can play important roles in the prediction of interactions at nano-interfaces [14] . In this regard, ab initio and molecular dynamic (MD) simulations have been carried out on various CNT/polymer interfaces within the framework of multi-scale simulations [9, 10, 15, 16] . In the ab initio simulations, interatomic or intermolecular interactions are usually investigated to identify the nature of bonding and to generate potential profiles to be used in the upper level MD simulations for the characterization of interfaces in terms of mechanical behaviour or redistribution of molecules and atoms around the interface [15, 17, 18] .
As for the characterization of the interfaces between carbon and aluminium, some pioneering works are available, but these, for the most part, detail the chemical interactions between individual atoms and small-scale nanoclusters [19, 20] , or the overall cohesion-separation behaviour of graphite/aluminium interfaces or diamond/aluminium at the bulk scale [21, 22] . Therefore, in the current study, interfacial interactions between carbon and aluminium layers were considered within the framework of density functional theory (DFT) from the viewpoint of the dispersion relations (the bonding energy as a function of interlayer distance) and electronic interactions for various interface registries (arrangement of atoms). This would provide a basic understanding of the interfaces between carbon nanostructures and aluminium at the nanometre scale. First, potential energy variations as a function of separation distances between a graphene sheet and an Al(111) layer are obtained, then the nature of interfacial reactions is discussed based on the fitting of the potential energy profiles to various types of pair potential, and the electron density distribution as well as the wavefunctions of valence electrons around the interfacial region.
First-principle simulations
A graphene sheet was chosen as the model carbon nanostructure for computational convenience since its electron structure with sp 2 hybrid orbitals is closely related to that of CNTs and fullerenes [23, 24] , while graphene sheets are themselves regarded as a promising candidate for reinforcements in carbon-based nanocomposites [25] . The geometry used for calculations is based on a graphene sheet and one layer of the Al(111) plane with some modifications to the number of layers wherever necessary. Figure 1 shows the configurations of atoms in the graphene-Al model composite system. Atomic configurations were varied by considering different possible arrangements of Al atoms on the (111) plane with respect to the positions of carbon atoms in the graphene sheet. Since previous works on graphite (0001)/Al(111) systems by other research groups [21, 22] considered the strain-free Al(111) plane matched to the graphite (0001) plane, i.e. graphene sheet, in this study, two such configurations, shown in figure 1(a) and denoted as SFR-1 and SFR-2, respectively, are considered first as reference states. Another possible interfacial configuration accompanies compressive strains on the Al(111) plane. With 14.4% of compressive strain, the Al(111) plane can be matched to graphene sheet coherently. Three possible cases are considered: namely, those denoted as H-1 (Al atoms over the centres of hexagonal rings of the graphene sheet, i.e. hollow sites), T-1 (Al atom over C atoms, i.e. top sites), and B-1 (Al atoms over interatomic bridging sites of the C-C bond), respectively, in figure 1(b) . If the strains are excessive, it is also possible that strain relief is achieved by the removal of some atoms from the atomic plane to form a semi-coherent interface. Therefore, based on H-1, T-1 and B-1 geometries, such relaxed configurations were considered by removing one or two atomic rows from the Al(111) plane. For instance, the H-2 and H-3 configurations shown in figure 1(c) In the ab initio simulations in this study, geometry optimizations were carried out first for each registry by allowing the atoms in the model to move freely within the unit cell during the simulation. It was predicted that the changes in the in-plane positions of the atoms after the geometry optimizations were negligible, typically in the range of 0.1 bohr. At the same time, the vertical displacements from the plane of the layers (graphene and Al(111)) were also in a similar range. As these displacements from the original positions are negligibly small compared with the interatomic bond lengths of the component layers, for computational convenience, further calculations were carried out on fixed geometries.
Using the atomic configurations shown in figure 1, dispersion relations and corresponding interfacial interactions for the graphene-aluminium systems were predicted through DFT calculations in which the local density approximation (LDA) is implemented based on a plane wave basis set and separable pseudopotentials. The open source ab initio simulation package ABINIT [26, 27] was used with TroullierMartins-type LDA pseudopotentials [28] for the calculations. Concerning the use of the LDA for the calculations, one may raise a question that the LDA may not be suitable for the calculation of possible long-range interactions between the graphene and the Al layers. Preliminary calculations in this study and the existing work [21] suggest that a higher-level scheme, such as the generalized gradient approximation (GGA), would require potentials based on the all-electron projector-augmented wave method, resulting in computationally intensive jobs. In other preliminary calculations on the well-known system of graphite (to be discussed in the following section), the long-range interaction leading to the secondary bonding between the (0001) layers was successfully handled. Hence, in this study the LDA scheme was adopted as in the previous study on the bulk graphite-aluminium system by Qi et al [22] . In order to obtain the dispersive energy profiles, the system energies were estimated for each graphene-Al(111) distance, d, ranging from 2 to 18 bohr with an increment of 0.1 bohr. Taking the case of d = 18 bohr as the reference state, i.e. the effective infinite separation of the layers, the relative changes in system energies were calculated for each increment of d. Once the system energy was obtained, the dispersive relation was fitted to several known classical potentials such as the embedded atom method (EAM) ( [32] [33] [34] ), Morse-type and Mie (m, n) potentials. For this fitting, the total system energy of a unit cell was divided by the number of Al atoms in the unit cell to represent the system energy in the form of the potential energy change 'felt' by an Al atom in the system. Hence, the potential energy profile as a function of the interspecies distance would be an averaged pair-wise sum on all particles. In other words, it would represent an interaction between an Al atom and a small unit of a graphene molecule. Interfacial interactions between the graphene sheet and the Al(111) layer were then estimated by calculating the electron density and the wavefunctions for the lowest potential energy state. Considering the periodicity or translational symmetry of the atomic configurations, all the calculations were carried out for unit cells (marked with dotted lines in figure 1 ). Infinity in the vertical direction was simulated by taking a sufficient vertical dimension of the unit cell determined from preliminary calculations.
Results and discussion
Before the detailed discussion on the interfacial interactions in the graphene-Al(111) system, it was first justified that longrange interactions can be handled within the LDA scheme with the ABINIT package by considering the interactions between the (0001) planes of graphite along the [0001] direction. direction. It can be seen that the cohesive energy, i.e. the interatomic potential energy of the C-C interaction between the graphitic layers, was calculated to be about 20.6 meV at an equilibrium separation distance of about 3.31Å. These values are consistent with the theoretical and experimental values reported elsewhere [29] [30] [31] . Further, the profile of the potential energy curve can be fitted reasonably to the Lennard-Jones potential representing the van der Waals bonding between the (0001) planes of graphite. As for the behaviour of the valence electrons, the ab initio simulation successfully predicted the wavefunction for the delocalized π-electrons around the hexagonal carbon ring, as shown in figure 2(b). Therefore, it is believed that the LDA scheme employed herein would be sufficient to handle the possible long-range interaction between graphene and the Al(111) layers considering that the use of the GGA scheme may require computationally intensive allelectron calculations [21] .
Having justified the use of the LDA scheme, interfacial interactions in the C-Al nanocomposite system are now explored. The fundamental unit in the graphite-aluminium nanocomposite system consists of a single graphite (0001) layer, i.e. graphene sheet, and a single Al(111) plane. Assuming the strain-free C-Al interface in this system (SFR-1 and SFR-2 registries in figure 1), the potential energy of the system as the Al(111) plane approaches the graphene sheet (or the latter approaches the former) to close proximity from an (effectively) infinite separation was calculated, and the results are shown in figure 3(a). It can be seen in figure 3(a) that as the distance between the Al(111) layer and the graphene sheet decreases, the potential energy of the system also decreases with respect to the isolation state, meaning that each plane exerts an attractive force on the other. In figure 3 , the potential profile for the SFR-2 registry is not shown since it is identical to that for the SFR-1 registry. With closer distance, the system energy decreases further and subsequently reaches a minimum of about −0.185 eV at an equilibrium separation distance of about 2.48Å. Further decrease below the equilibrium distance then results in a predomination of repulsion force, as reflected in a steep increase in the potential energy at very close interspecies distances.
The equilibrium distance between the graphene and the Al(111) layers of 2.48Å is smaller than the graphitic interlayer distance of about 3.36Å and somewhat larger than the Al(111) interplanar distance of about 2.31Å. Also, the depth of the potential well or the cohesive energy of the C-Al interface, i.e. the difference in the potential energies at equilibrium and at infinite separations, is about 0.185 eV, approximately 4.4 times the reported interfacial cohesive energy of 0.0417 eV for the bulk graphite-Al system [22] . These values of the equilibrium distance and the cohesive energy for the C-Al system herein indicate a possibility that the interface bonding of the C-Al nanostructure at the fundamental unit level is not simply a van der Waals type that often exists in bulk composite systems [7] .
For further investigation of the rather 'complex' dispersion relations in the graphene-Al(111) system in this study, the potential energy profile was fitted to various types of interatomic (or intermolecular) potential, and the results are compared with the ab initio simulation result in figure 3(a) . It can be seen that the potential energy profile can be fitted either to Morse-type potential [32] or to the so-called 'universal equation of state (EOS)' proposed by Rose et al [33] to express the EAM potentials for metals. At the same time, it is noticed that the ab initio result can be fitted to a Mie potential [34] with (8, 4) exponents rather than (12, 6) exponents for typical van der Waals type bonding. These fitting results imply that the C-Al interaction in the graphene/Al(111) two-layer system is of metallic to semi-metallic nature, reflecting the characteristics of the components of the system and resembling initial wetting in the deposition of metallic films on semimetallic substrates [35] .
Such a deduction is supported by the electron density plots of figure 3(b) , which show the contours of electron densities, i.e. electron distribution probabilities, in the vicinity of individual atoms. In this plot, contour bands in red to yellow colour indicate relatively higher electron densities whereas those in green to blue colour represent lower densities. Thus, in figure 3(b) , the cylindrical symmetry of the σ -bond between carbon atoms in the graphene sheet is clearly visible. Simultaneously, 'seas of valence electrons' or 'electron clouds' enveloping the ion cores of the Al(111) layer and the σ -bonded carbon atoms, respectively, are also noticed. It should be mentioned that core electrons are not plotted in figure 3(b) since the ab initio calculation is based on a pseudopotential method in which only the valence electrons are considered. In figure 3(b) , it is obvious that there is some overlapping of electron clouds between the Al(111) layer and the graphene sheet while the electron density of the overlapped region is about 0.04 bohr −3 , which is in the same range as that of the electron cloud in the Al(111) layer. Together with the overlapping of electron clouds between the layers, there are small regions where electron density is almost 0, implying that sharing of electrons in the interfacial region is slightly localized. This partial localization is consistent with the previous work by Qi et al on the bulk graphite/Al interface [21] . However, overlapping of electron clouds is of neither σ -nor π-bond type in this case. This, together with the magnitude of the cohesive energy, i.e. 0.185 eV, and with the fitting results, suggests that the bonding between a graphene sheet and single Al(111) layer is metallic or semi-metallic to a certain degree.
The numerical results in figure 3 indicate that the cohesive energy at the C-Al interface in the current nanosystem is substantially larger than that for the bulk C-Al system reported previously (0.0417 eV) [22] . In order to address this point, two more nanosystems were considered: in one system, an additional Al(111) plane was added in the simulation model following the stacking sequence of face-centred cubic (fcc) Al along the [111] direction; and in the other system, an additional graphene sheet was added following the stacking sequence of graphite along the [0001] direction. In figure 4 , potential energy-distance curves and electron density distributions for these systems are presented. Figures 4(a) and (b) 
With the addition of one more Al(111) plane to the system, as shown in figure 4(a) , the equilibrium separation distance increased slightly to about 2.65Å, whereas the cohesive energy decreased somewhat to about 0.158 eV. Again, the dispersion relation can be fitted to the Morse-type potential, the universal EOS and the Mie (8, 4) potential. As for the electron density distributions, figure 4(b) shows that the overlapping of electron clouds in the C-Al interface region is reduced in the system composed of two Al(111) layers and a graphene sheet, which is consistent with weaker interface bonding reflected in the reduced cohesive energy from 0.185 to 0.158 eV. On the other hand, when one more graphene sheet was added, as seen in figure 4(c) , the potential energy has the minimum value of −0.155 eV at an equilibrium separation distance of 2.54Å. In this system, although the equilibrium distance is shorter and the decrease in the overlapping of electron clouds in the C-Al interface region is less appreciable, as seen in figure 4(d) , the interfacial cohesive energy is almost the same as that of the system with a single graphene sheet and two Al(111) layers. This is attributed to the slightly more delocalized electrons along the plane direction for the double graphene layer and single Al(111) layer.
Comparison of figures 3(a) and (b) with 4(c) and (d) suggests that in composite systems with double-layered carbon nanostructures, e.g. a double-walled nanotube (DWNT), and Al, weaker interfaces are expected as compared to those with single-layered carbon nanostructure such as a single-walled nanotube (SWNT). It is further suggested that the initial wetting behaviour of Al on the graphene-related nanostructure in the C-Al system would be dependent on the type of the carbon structure since the cohesive energy, and therefore the surface energy, varies with the number of graphene layers in the carbon nanostructure. In any case, eventually, the numerical predictions presented in figure 4 indicate that increasing the number of the graphene sheets and/or the Al(111) layers would results in a decrease in the cohesive energy and an increase in the equilibrium C-Al separation distance towards the values for the bulk system. This in turn implies that the bonding of the C-Al interface changes from chemical type to physical type as the structural pair evolves from the nanolayers to the bulk. When interfaces are formed between dissimilar materials, it is natural to assume that the atoms are arranged in such a way to relieve strains, as in the cases discussed so far. However, it is also possible that strained interfaces can be formed with good epitaxial relations. Notable examples include thin film systems [36] , quantum dot systems [37] , nanowire arrays [38] , etc. Thus, changes in the dispersion relation and interfacial bonding, when strained coherent interfaces are formed between the graphene sheet and Al(111) planes, were also considered. In figure 5(a) , the potential energy profiles for three possible coherent interface registries, namely hollow (H-1), top (T-1) and bridge (B-1) shown in figure 1(b) are compared. It is noticed that the dispersion relations are almost identical, regardless of the interface registry. More importantly, it is also noticed that the equilibrium separation distance and the cohesive energy are about 3.86Å and 0.0835 eV, respectively. Compared with the values for the strain-free interface in figure 3(a) , the equilibrium distance is significantly larger (even larger than the Al(111) interplanar distance and graphitic (0001) interplanar distance) and the potential well is much shallower and wider, implying weaker C-Al bonding.
In figure 5(b) , the potential energy profile for the H-1 registry is compared with the various types of potential fitted to it. It is seen that the ab initio result for the H-1 registry can be fitted almost exactly to the Morse potential or to the universal EOS and roughly to the Mie (8, 4) potential with a large deviation at small separation distances (highly repulsive region). On the other hand, it is not fitted to the Mie (12, 6) or the Lennard-Jones (L-J) potential, as is evident in the substantial differences at most of the separation distances. Compared with the case of the strain-free C-Al interface shown in figure 3(a) , both the Morse potential and the universal EOS fit better, but the Mie potential fits poorer. Concerning the electron densities, figure 5(c) (and also figure 5(d) which presents electron density in different contour scales for a detailed view) shows that there is very low possibility of the overlapping of the 'sea of delocalized electrons' between the graphene sheet and the Al(111) layer (the electron density in the interplanar region is below 0.005 bohr −3 ). This point is clarified by considering the wavefunctions of the valence electrons visualized in figures 5(e) and (f). The ab initio simulations predicted the wavefunction for molecular orbitals of the delocalized π-electrons in the carbon rings of the graphene layer ( figure 5(e) ) and the 'sea' of free electrons in the Al layer ( figure 5(f) ). However, no wavefunction corresponding to any bonding orbitals between C and Al atoms was predicted. The electron density and the wavefunction results suggest that the bonding at the C-Al interface in this H- 1 registry is of the weak secondary type, perhaps related to van der Waals bonding, even though the potential energy profile is fitted best to the Morse potential or the universal EOS whilst poorly to the Mie (8, 4) and Mie (12, 6) potentials. Like the case of the strain-free C-Al system in figure 4 , the dispersion relation undergoes significant change with the addition of another Al(111) plane to the strained system, as seen in figure 6(a) . Now, the cohesive energy is markedly reduced to 0.0309 eV and the equilibrium C-Al separation distance is increased to 4.13Å. Regarding the electron distributions, the 'sea of valence electrons' in the Al region is separated from the cloud of delocalized electrons belonging to the graphene sheet with very low possibility of sharing, as shown in figure 6(b) . Therefore, it is expected that in the graphene-Al system with the strained coherent C-Al interface, the interfacial cohesive energy would become very weak. This prediction implies a possibility of 'controlling' the interfacial bond strength in the graphene-Al system with the introduction of a strained epitaxial graphene/Al(111) interface.
Comparison of the dispersion relations and electron densities shown in figures 3 and 5 raises a question as to the cause of the noticeable differences in the shapes of the potential energy profiles, cohesive energies, and equilibrium separations leading to the differences in the type of interface bonding with minor differences in the interface registry. One possible reason is found from the comparison of the electron densities shown in figures 3(b) and 5(c). In the strained Al(111) layer, the compressive strain means a closer interatomic distance, which would result in higher electron density in the 'sea of valence electrons'. Whereas the electron density in the strain-free Al(111) layer is about 0.04 bohr −3 , in the strained Al(111) layer, it is 0.06 bohr −3 . In terms of the number of valence electrons (not participating in covalent bonding) in the unit area, there are 1.5 and 1.125 electrons from Al for every electron from C in strained and strain-free systems, respectively. This compares well with the electron densities of 0.06 bohr −3 and 0.04 bohr −3 in the strained and strainfree Al(111) layers, respectively. Increased electron density causes the contribution of repulsion to be larger in the CAl interaction at the interface since electrons tend to exist away from each other. This in turn would result in the wider equilibrium C-Al separations in the strained system. Thus, it is deduced that compressive strains in the Al(111) plane can reduce the tendency for Al atoms to chemically combine with C atoms to form carbides such as Al 4 C 3 which often exist in C-Al composite systems prepared at relatively higher temperatures comparable to the melting point of Al. From a practical point of view, this deduction suggests that introduction of compressive strains in the aluminium matrix region would provide the means to ensure the chemical stability of reinforcements based on graphene-related carbon nanostructures in the C-Al nanocomposite systems.
The effect of the compressive strain on the C-Al interaction was thus investigated further with the partially relaxed registry, denoted as H-2 in figure 1 (and also with the related displaced registry derived from top and bridge configurations, i.e. T-2 and B-2, respectively). In this interface registry, the strain along the [112] direction is completely relaxed since one row of Al atoms is missing, but there is still about 14.4% of the compressive strain along the [110] direction. In such a case, the ab initio simulation predicts a cohesive energy increase to 0.123 eV and an equilibrium separation distance increase to 4.03Å (these values being slightly registry dependent) as shown in figure 7(a) , as compared to the case of the strained coherent interface ( figure 5) . Even in such a case, the potential energy-distance relation can still be represented as both the Morse potential and the universal EOS, as shown in figure 7(b) for the H-2 registry, while the universal EOS shows better fitting. However, the effect of the large equilibrium separation distance is evident in the electron density distribution shown in figure 7(c) for the H-2 registry (and in figure 7(d) with a different contour scale for a detailed view).
In figures 7(c) and (d), it is also noticed that a removal of one row of Al atoms along every other [110] direction resulted in a discontinuity in the 'sea of valence electrons', in other words some degree of electron 'localization', in the relaxed Al(111) layer. It is thus inferred that the partially 'localized' electron would increase the electron density near the Al atoms (up to 0.08 bohr −3 ), which would in turn In such a case, as shown in figure 8(a) , the equilibrium separation distance between the graphene sheet and the Al layer becomes shorter and the cohesive energy becomes larger to form a deep and narrow potential well, as compared to the other cases in figures 3-7. Moreover, the dispersion relations are now dependent on the interface registry. Thus, the equilibrium distances are 2.03, 2.36 and 2.26Å for the hollow (H-3), top (T-3) and bridge (B-3) registries, respectively, and the corresponding cohesive energies are 0.669, 0.489 and 0.393 eV, respectively. As for the cohesive energy of 0.669 eV for the hollow registry, this value is close to the reported value of the binding energy of 0.8 eV of Al atoms on graphite surfaces by Ganz et al [39] . Whilst shorter equilibrium separation distances and larger cohesive energies are predicted for the (effectively) isolated registry as compared to other registries, the dispersion relation can be represented by either the Morse potential or the universals EOS, as shown in figure 8(b) for the H-3 registry.
The dependence of the equilibrium separations and the cohesive energies on the registries shown in figure 8(a) , together with the shortest equilibrium distance and the deepest potential well, indicate that (effectively) isolated Al atoms in the fully relaxed geometry tend to form chemical bonds with the C atoms in the graphene sheet. Indeed, the electron density plot for the H-3 and B-3 registries in figures 8(c) and (d), respectively, shows that there is sharing of electrons between C and Al atoms, which is an indication of the formation of covalent bonding possibly related to the carbide of aluminium, Al 4 C 3 . 6 The formation of chemical bonds between the C and Al atoms is evident in the wavefunction plots shown in figures 7(e) and (f). From the wavefunctions shown in figures 7(e) and (f), it is deduced that the bondings between the C and the Al atoms are formed by the sharing of electrons between an isolated Al atom and the carbon ring of the graphene layer or between an Al atom and two diagonal C atoms in the carbon ring.
From the viewpoint of material processing, these results can be interpreted in the following manner. If any composite preparation process is chosen so that Al atoms approach the graphene-based nanoreinforcement individually (effectively isolated Al atom), then it is likely that the Al atom will form the carbide. On the other hand, if Al atoms approach the reinforcement in a coplanar group, especially with compressive in-plane strain, it is possible that a relatively weak grapheneAl interface is formed without any decomposition of the graphene-based reinforcement. Therefore, in processing for the preparation of an Al-matrix nanocomposite with carbon nanostructure reinforcement, powder metallurgy or a related technique is preferred to the melting-based techniques.
In addition to the interfacial strengths, the registrydependent dispersion relations imply the controllability of 'stiffness' properties of the interfaces which are strongly related to the overall mechanical properties of the composites [7, 16] . Whilst the cohesive energy indicates the strength of the interface, the second derivative or the curvature of the potential energy curve near the equilibrium position can be related to the elastic modulus of a material. Hence, in figure 9 , dispersion relations for various registries are compared by taking the equilibrium separation distances and the minima in the potential energy as 0, respectively. Figure 9 shows that the potential energy profiles are more or less parabolic near the equilibrium position provided that the displacement (deformation) is small, which enables the comparison of the 'stiffness' of the interfaces based on the second derivatives of the potential profiles. It can be seen in figure 9 that the potential energy curve for the strained registry (H-1 and H-2) has a smaller curvature than that for the strain-free registry (SFR-1). In addition, figure 9 shows that the curvature of potential energy profiles increases substantially when the isolated state (H-3 registry) is reached. Hence, it is deduced from figure 9 that the introduction of in-plane compressive strains in the Al(111) layer would yield more compliant interfaces, whereas relaxation of the strain tends to form stiffer interfaces in terms of the resistance to deformations by external forces. Therefore, it is expected that nanocomposites with tailored interface properties could be obtained via the control of the strains in the Al-matrix region, i.e. the control of interface registry. 6 For comparison purposes, the interaction between the graphene sheet and an effectively isolated Mg atom was also considered (result not shown). The equilibrium separation and cohesive energy were predicted to be 3.28Å and 0.0786 eV, respectively, leading to a wide and shallow potential well in the dispersion relation. At the same time, an electron density plot (not shown) showed no indication of electron sharing between Mg and C atoms. These predictions are consistent with the knowledge that there is no known carbide of magnesium at atmospheric pressure [13] . 
Summary and conclusions
A series of ab initio simulations was carried out for nanocomposite systems constituted of a graphene sheet and an Al(111) layer with various registries to investigate their dispersion relations, i.e. the bonding energy as a function of interlayer distance, in combination with the electronic structures. It was predicted that the graphene/Al interface at the fundamental nano-unit level has substantially different characteristics from bulk graphite-Al systems in that its type of bonding is partially localized metallic with a cohesive energy substantially larger than that of typical bulk system graphite/Al interface. With the introduction of in-plane compressive strains in the Al(111) layer, the equilibrium interfacial bond length increased, accompanied by a noticeable decrease in the cohesive energy, while the interface bonding became a weak secondary type. On the other hand, relief of the in-plane strain by the removal of atomic rows in specific crystalline directions resulted in increased cohesive energy with a slight increase in the equilibrium separation distance, possibly related to partial localization of electrons in the Al layer. When the state of effectively isolated Al atoms was reached by further removal of the atomic rows to completely relieve the compressive strain, a chemical type of C-Al bonding was predicted to be formed, implying the formation of a carbide. Such results suggest the possibility of controlling the interfacial strengths in the C-Al nanocomposites by varying the interface registries. Simultaneously, the predicted registry dependence of the electronic structures (or the nature of bonding) of the C-Al interface, varying between weak covalent to weak metallic, would provide some guidelines for the proper choice of material processing in the preparation of nanocomposites with suitable interfacial strengths. Even though more rigorous orbital analysis, such as natural bond order analysis [40] , may give quantitative orbital characteristics, it is beyond the scope of the current work. Instead, the present study would help identifying the dispersion strength (well depth) and the equilibrium distance of the graphene and the Al(111) layer, thereby predicting the mechanical and physical properties of the interfaces of Al-matrix nanocomposites with graphenebased carbon nanoreinforcements.
